The effects of starvation on the arginine transport system in ANT-300, a psychrophilic marine Vibrio sp., were investigated. A rapid rate of uptake was detected on the first day of starvation, followed by a much lower but constant rate of uptake until day 35. Transport was found to require maintenance of a proton gradient across the membrane, but not to involve ATP. Respiration of the transported arginine increased during the 35 d of starvation. Thus, ANT-300 is able to maintain a high-affinity, active transport system for arginine during extended periods of starvation even in the absence of an exogenously supplied energy source.
INTRODUCTION
The open ocean is characterized by low temperature (5 "C), low nutrient concentration (less than 1 mg dissolved organic carbon per litre in surface waters and less than 0.5 mg dissolved organic carbon per litre in deep waters), and elevated hydrostatic pressure (an average of 500 atm). In order for a metabolically active bacterial population to exist in the open ocean, it must be able to remain viable under these conditions. A psychrophilic Vibrio sp. (ANT-300) isolated from the Antarctic Ocean was found to decrease in size and change in shape from a rod to a coccus during nutrient starvation (Novitsky & Morita, 1976) . Further, as much as a 200-fold increase in cell number was observed during this morphogenesis (Novitsky & Morita, 1977 , 1978 , with a significant portion of the population remaining viable for more than one year (Novitsky & Morita, 1977) . When compared with other bacteria, ANT-300 exceeds the longest reported starvation survival by at least 2.5 times (Novitsky & Morita, 1978) . Amy & Morita (1983) have shown such a starvation response not to be unique to ANT-300, but to be typical of marine bacteria.
ANT-300 was also found to exhibit barotolerance, but only if starved for one week prior to pressurization. While pressure has been observed to inhibit amino acid transport in marine bacteria (Paul & Morita, 1971 ), Geesey & Morita (1979 identified a transport mechanism for arginine in ANT-300 which functioned in the absence of an exogenously supplied energy source. This transport mechanism was found to be bimodal, with low-affinity substrate transport, coupled with a chemotactic response, being expressed at arginine concentrations above 0.25 PM, and high-affinity transport at concentrations less than 0.25 PM. Geesey & Morita (1979) proposed, therefore, that ANT-300 might be able to capture arginine in the open ocean, where amino acid concentrations are below 0.05 p~ (Menzel & Ryther, 1970) , by using high-affinity active transport. Even though amino acid transport is inhibited by elevated hydrostatic pressure, possession of such a high-affinity transport system, coupled with reduced endogenous metabolism, would enhance survival in the ocean. The present investigation was therefore undertaken to examine the effects of long-term starvation on the high-affinity arginine transport system in ANT-300. While ANT-300 cells which are nutrient-starved for 18-24 h are known to possess such a system, its long-term operation as the cells progress from unstarved, rod-shaped cells to starvation-induced, coccal cells, has not been previously reported.
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METHODS
Organism and growth conditions. Vibrio sp. ANT-300 was obtained from Dr R. Y. Morita (Oregon State University, USA). It was cultured in the marine medium MSWYE (Oliver & Colwell, 1973) with shaking at 5 "C. Cells from 100 ml of the medium were harvested during the exponential phase of growth at lO00Og for 10 min, washed twice in cold artificial seawater (ASW : NaCl, 24.72 g; KCl, 0.67 g; CaC1,. 2Hz0, 1.36 g; MgC12. 6H20, 4.66 g; MgS04. 7H20, 6.29 g; NaHCO,, 0.18 g, and 1 litre H,O), and resuspended in 5 ml cold, sterile ASW. To each of six 125 ml flasks containing 50 ml sterile ASW (chilled to 5 "C), 0.2 ml of the ANT-300 suspension was added. The resulting cell suspensions were gently shaken at 5 "C.
Uptake and respiration studies. At 0,1,2,5,10 and 35 d, 5 ml samples of the starved population were placed into each of nine airtight reaction flasks containing 75 p1 ~-[U-'~C]arginine at 100 pCi pmol-I (3700 kBq pmol-l) (ICN, Irvine, Calif., USA). The final arginine concentration in each flask was 0.05 p~. Three of the reaction flasks contained 1 mg HgC1, as controls. Then, at 1, 5 and 15 min, one control flask and two experimental flasks were acidified by injection of 0.2 ml ~M-H,SO,. Following gentle shaking for 30 min, 0.3 ml P-phenethylamine was injected into a basket suspended in each flask and containing Whatman filter paper. The flasks were shaken for an additional 30min, and the contents of each were then poured through a 0.22pm membrane filter (Millipore). The flasks were rinsed three times with 5 ml cold ASW, and the rinses used to wash the filters, which were then allowed to dry overnight at room temperature. The Whatman filter papers (containing the respired I4CO2) and the Millipore filters (containing the cells and [14C]arginine taken up) were assayed for radioactivity by using a toluene-based scintillation fluid, comprising toluene, 1 1; bis-MSG [pbis(o-methylstyryl)benzene], 80 mg ; PPO, 3.9 g, and counting in a Beckman model 250 scintillation counter.
EfSect of metabolic inhibitors. Cells of ANT-300, prepared as described above, were removed at various intervals and treated with chloramphenicol(80 pg ml-l) and either 2,4-dinitrophenol (DNP) at 2 mM or sodium arsenate at 200 mM, as described by Geesey & Morita (1979) . Control cells received no inhibitors. Uptake of [I4C]arginine was monitored, in duplicate, as described above.
Cellpopulation assays. At each sampling time (0, 1, 2, 5, 10, 35 d), direct cell counts of the starved ANT-300 population were made using a Petroff-Hauser counting chamber. Total viable counts were also determined by plating onto cold MSWYE agar.
RESULTS
There was no increase in numbers of ANT-300 as indicated by direct counts, compared to the initial population (1.2 x lo7 cells ml-l), until day 2 of starvation ( Fig. 1) . At that time the cell population increased and reached a maximum of 2.0 x lo7 cells ml-l by day 5, followed by a gradual decrease to 7 x lo6 cells ml-l by day 35. Total viable counts (Fig. 1) showed a trend similar to that observed for direct counts, although the absolute numbers were lower. Phasecontrast microscopy revealed the appearance of small rods (1-2 ym long) during days 1-3 of starvation and subsequent formation of spherical cells (0.5 ym diameter) between days 10 and 35. Fig. 2 shows the uptake of [ 14C]arginine by ANT-300 cells when exposed to the amino acid for periods of 1 to 15 min. Uptake for the 1 min sample decreased from an initial 2.7 pmol per lo7 cells to a fairly constant 0.7-0-9 pmol per lo7 cells between days 2 and 35 of starvation. The uptake curves for arginine at 5 and 15 min were similar to that seen in the 1 min sample. Whereas cells starved for only 24 h were able to transport arginine at an appreciable rate for up to at least 15 min (Table l) , after 48 h starvation the rate decreased to only 0.7-0.9 pmol minper lo7 cells during even the first minute of transport. Uptake rates remained constant at this level after 48 h starvation.
Respiration of the transported arginine was expressed as the percentage of total labelled arginine taken up and respired to 14C02. Although slight differences were observed for respiration following transport of label for 1,5 and 15 min, the overall pattern of respiration was not appreciably different for any of the three incorporation periods (Fig. 3) . The initial range for respiration of arginine was 7.2-19.5 % of the total arginine transported. Respiration tended to increase with increased starvation time, with the final range on day 35 of starvation being between 35.9 and 59.4%. In a preliminary starvation study conducted over a 116 d period (data not shown), the respiration of arginine similarly increased during the initial days of starvation but the percentage respired began to decrease after day 42, and reached a minimum at day 116. At that point, the 1 min sample showed no respiration of arginine, while the 5 and 15 min samples showed respired levels of only 2.1% and 10.2%, respectively, of the total label taken up. A separate study was conducted to examine the effects of two metabolic inhibitors on the uptake of arginine, to determine whether transport was via an active process. Little difference was observed in the amount of arginine transported by control cells and those treated with arsenate, which disrupts ATP metabolism ( Table 2) . The uncoupler DNP, however, decreased arginine transport by the cells by 42-64% relative to the control values, indicating that the maintenance of a proton gradient is an important aspect of the uptake mechanism. 
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DISCUSSION
Both the direct cell counts and total viable counts observed in this study (Fig. l) , match the morphogenetic pattern reported in several studies by Morita and co-workers (Amy & Morita, 1983; Amy et al., 1983; Novitsky & Morita, 1977) for ANT-300 during starvation. ANT-300 increased in cell number by 64-67% through division of the rod form to yield small rods 1-2 pm long, and by day 35 of starvation small spherical cells (04-0.6ym) were the predominant morphological form. A gradual decrease in the number of viable cells in the starving ANT-300 population occurred on increased starvation (Fig. 1) . This decrease, which does not result from cell lysis (Kurath & Morita, 1973) , has been shown to eventually level off so that a significant population remains viable for periods exceeding 1.5 years (Novitsky & Morita, 1978) , indicating that ANT-300 is well adapted for survival in low nutrient conditions.
We examined transport of arginine at a concentration of 0.05 pM, a value approximately equal to that reported for amino acids in open ocean waters (Menzel & Ryther, 1970) , and slightly lower than the concentration (0.07 p~) used by Geesey & Morita (1979) . At this arginine concentration the high-affinity transport system operates and it was seen to remain functional during the 35 d starvation period in the present study (Fig. 2) .
The decrease in the initial rate of arginine uptake in ANT-300 is probably related either to the 80% decrease in endogenous metabolism which occurs during the first 2 d of starvation (Novitsky & Morita, 1977) , or to a change in the arginine binding proteins of the bacterium. Geesey & Morita (1981) showed that arginine binding proteins in ANT-300 are located on or near the surface of intact cells. The decreased uptake rate is most probably due to a saturation of the membrane binding proteins or the transport permeases, or of both.
Research on Vibrio harueyi (Makemson & Hastings, 1979) and Escherichia coli (Celis et al., 1973 ; Rosen, 1973) indicates that these bacteria possess several distinct transport systems for basic amino acids: two for lysine, two for arginine, one for ornithine, and a high-affinity transport system common to all three. Our results may, thus, reflect a combination of different transport systems. It is also possible that in ANT-300 more than one transport system for arginine is initially active and on starvation one system may become (or remain) functional while the other(s) shuts down.
Transport of arginine in ANT-300 was found to be largely independent of ATP since arsenate, which is known to decrease intracellular ATP content (Tokuda & Unemoto, 1982) , had little effect on the uptake of arginine (Table 2 ). This is in agreement with the conclusion of Geesey & Morita (1979) that ATP-driven active transport of arginine is not significant during starvation. We have also observed (Stringer & Oliver, 1984) that the ATP content of starving ANT-300 cells decreases from 1.5 x 10-l 5 g per cell (47 ng ml-l ) to 0.39 x 10-l 5 g per cell (16 ng ml-l ) after 21 d starvation. That uptake of arginine could continue for 15 min at the same rate as observed for 1 min in cells of ANT-300 starved for 35 d ( Table 1 ) further suggests that the cellular ATP content is not a major factor in the ability of ANT-300 to transport arginine. The uncoupler DNP, on the other hand, greatly decreased the amount of arginine transported (Table 2) . Thus, as in cells of ANT-300 starved for up to 24 h (Geesey & Morita, 1979) , arginine transport continues through an active mechanism during long-term starvation.
Respiration of arginine in ANT-300 increased markedly from day 0 to day 35. Between these times, however, there was a distinct peak in arginine respiration which occurred in a11 three transport times at the 5 d sampling (Fig. 3 ). This pattern is remarkably similar to that reported by Amy et al. (1983) . Thus, both studies indicate the long-term potential of ANT-300 to respire nutrients as they become available. The overall increase in respiration was expected as a result of the stress caused by starvation; to overcome this stress, cells respire more of the transported substrate, thus permitting maintenance of cellular integrity (Morita, 1975) .
In a preliminary study performed over 116 d, the initial increase in arginine respired was similar to that demonstrated in the 35 d starvation study. The extended study indicated, however, that, while arginine uptake remained significant at the 116 d sampling, respiration of arginine decreased to between 0 and 10.2% for the three samples. These data suggest that, while arginine is being transported into the cell, it is either being maintained in an amino acid pool or incorporated into protein rather than being respired.
In conclusion, ANT-300 shows characteristics of a successfully adapted bacterial population in the deep sea : it is able to exist at low temperatures and at low nutrient levels. In the present study, a high-affinity transport system for arginine in ANT-300 has been found to be of an active type, and to function during long-term nutrient starvation and in the absence of an exogenously supplied energy source.
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